The degree of polarization of light propagating through scattering media was measured as a function of the sample thickness in a Mach-Zehnder interferometer at a wavelength of ϭ 633 nm. For polystyrene microspheres of diameters 200, 430, and 940 nm, depolarization began to appear for thicknesses larger than 23, 19, and 15 scattering mean free paths ͑SMFP's͒, respectively, where the coherently detected scattered component dominates the ballistic component. For large particles ͑940 nm͒ the initial polarization survived partially in the scattering regime and progressively vanished up to the detection limit of our setup. This phenomenon was similarly observed in diluted blood from 12.5 to 280 SMFP's. Beyond this thickness the fluctuating parallel and crossed components of polarization became random. A dual-channel interferometer allowed us to detect simultaneously the low-frequency fluctuations of both polarized components through a few millimeters in liver tissue.
Introduction
For medical applications such as optical tomography and spectroscopic measurements it is useful to know the maximum tissue depth that can be investigated with collimated light by use of pure spatial discrimination techniques. There are various methods for selecting straightforward transmitted light intissue: geometrical collimation, [1] [2] [3] time-resolved detection, 4 -6 correlation of time gating with degenerate four-wave mixing, 7 and low-coherence interferometry. 8 -10 The best results for imaging of tissue as much as 1 mm in depth were obtained by a combination of methods, namely, by use of spatial collimation and low-coherence interferometry with femtosecond pulses. [11] [12] [13] Moreover, the possibility of using the polarization of transmitted light for imaging tissues has been mentioned 2 ; recently more-extensive studies have been reported that aim at improving the spatial resolution by selecting the polarization of detected light for particle suspensions. 14 -16 Coherent methods detect light matched with a reference beam. Consequently, scattered photons that have lost their initial straightforward direction, temporal coherence, or polarization should not be detected. Despite the use of the interferometric low-coherence technique, some scattered light may be coherently detected in systems for tomography, leading to image degradation. [17] [18] [19] The preservation of light polarization has also been considered as an indication for forward, on-axis light propagation. Such investigations have been performed with lock-in detection, 14 -16 spatial selection, 20 or time-resolved detection schemes. 15 In a recent polarization study of time-resolved transmission of light through suspensions of polystyrene beads it was reported that the snake component, which arrives immediately after the ballistic component, is still partially polarized. 21 The current challenge in optical tomography consists in achieving metabolic images through parts of the human body. One possibility for doing this is to use spectroscopic changes in tissue that are related to its metabolic level, which provides useful information in both physiological and pathological conditions. [22] [23] [24] Unfortunately, purely collimated or ballistic photons disappear after a few hundred micrometers. 18, 25 Therefore to investigate thick tissues one must extract information from scattered light. Despite the appearance a few publications based on the filtering of transmitted photons in the Fourier plane, 26, 27 frequency-domain diffusing-photon tomography, 26 and͞or axial tomography, 29 the use of snake photons as a diagnostic has not been extensively studied. On the one hand, snake photons contribute to noise or image degradation in low-coherence interferometry because they can be coherently detected. [17] [18] [19] On the other hand, however, they can be useful for imaging tissues with a thickness exceeding the maximum path length that photons can pass through in a ballistic regime. 29 Multiple scattering of light from particles in highly scattering media randomizes the direction of propagation and the state of polarization. However, the polarization memory effect that has been observed over distances much larger than the domain of the ballistic regime 30 -32 suggests that some information about the polarization of the incident light is not lost in the scattering regime of propagation. Finally, light propagating in a dense biological tissue becomes depolarized, but one knows little about the spatial scale of this phenomenon. In understanding how light propagates through tissues, another important question to answer concerns the nature of intracellular or tissular components that interact with light at a given wavelength and lead to scattering and depolarization. Most of the theoretical studies on multiple light scattering have considered linear, isotropic, homogeneous, nonabsorbing media made of noninteracting particles. Mammalian tissues are quite different from such models. However, only a few papers have been devoted to the forward propagation of light ͑transillumination͒ that can be applied in medicine to investigate thick samples.
For studying the polarization evolution in highly scattering media, radiative transfer equations have been obtained for linearly and circularly polarized incident light. 33 More recently, Bicout et al. developed a numerical simulation to study the depolarization of multiple-scattering light as a function of the number of scattering events through suspensions that obey the Rayleigh, intermediate, or Mie scattering regimes. 30, 34 Their model, verified by experimental measurements performed with latex beads in water, clearly shows the influence of the particle size on the characteristic length of depolarization.
By measuring the transmitted light through polystyrene bead suspensions and blood samples with heterodyne detection, we previously studied the scattered component of the transmitted light. 35 That is, we underlined the role played by the diameter of the scattering particles on the threshold at which the scattered component dominates the collimated component. Above this threshold, the scattered component was also observed by a coherent off-axis detection method.
In this paper we present additional experiments that address the relation between the loss of coherence and depolarization through polystyrene suspensions, mammalian blood, and liver tissue samples. We have investigated the degree of polarization of the transmitted light in a coherent detection scheme as a function of sample thickness for polystyrene microsphere suspensions and blood dilutions. Identical experiments on forward-scattered light were carried out on liver samples with a thickness similar to that of samples investigated previously. 36 
Materials and Methods

A. Principle
To analyze the polarization of the transmitted light we measured the four Stokes parameters of the coherence matrix 37 :
The degree of polarization P is then given by the formula
For P ϭ 1 the light is fully polarized; P ϭ 0 means that the light is completely depolarized. This degree of polarization describes the transmitted polarization for a linear incident polarization. In practice, in the case of spherical scatterers it is often considered that the polarization contrast, directly computed from yy and xx only, can completely describe the state of polarization of the scattered light. For tissue samples, in which scatterers are not spherical, however, a more precise description using the degree of polarization should be considered when the nondiagonal components yx and xy are nonzero.
B. Experimental Setup
The experimental setup is sketched in Fig. 1 . A cw helium-neon laser polarized along the vertical ͑Oy͒ direction was split at the input of a Mach-Zehndertype interferometer. In one of the arms of the interferometer two acousto-optical modulators introduced Fig. 2 . This setup is less efficient than the previous one in rejecting the unwanted polarization in each channel because the beam splitter used after the sample cannot be optimized at the same time for alignment of the interferometer and for rejection of perpendicular polarizations, but it allowed us to measure simultaneously both parallel-and perpendicular-polarized components of the light emerging from the sample. In this case we achieved the calibration by inserting a half-wave plate at 45°and by replacing the sample by a series of calibrated neutral-density filters.
C. Samples
Human blood was heparinized and diluted with isotonic saline solution. Calf liver was obtained from a butcher's shop, and slides were cut after freezing. Two parallel flat glass sheets held the sample at a given thickness owing to four calibrated wedges.
Suspensions of polystyrene ͑n ϭ 1.588͒ microspheres of diameters d ϭ 200, 430, and 940 nm were used as an experimental model. Various concentrations were obtained by dilution in distilled water. To vary the sample thickness accurately from 0 to 14 mm we specially designed an adjustable cell with two glass plates and a micrometric screw. This cell permits perfect optical alignment to be maintained during both calibration and measurement. We achieved calibration by recording the detected voltage for a set of calibrated neutral-density filters inserted into the measurement arm of the interferometer.
D. Calculations
Computing the degree of polarization from the coherence matrix requires four independent measurements of the Stokes parameters. To compute the whole coherence matrix we need to determine the nondiagonal components. Without any half-wave or quarter-wave plate in the signal arm after the diffusing sample, the heterodyne detection selects the parallel polarization yy of the intensity I of the transmitted light. The perpendicular component xx is measured by suitable rotation of a polarizer and a half-wave plate after the sample ͑Fig. 1͒. To measure the nondiagonal components ͑ xy and yx ͒ of the coherence matrix we measured ii ϭ 1͞2͑ yy ϩ xx ͒ Ϫ Re͑ xy ͒ and ϩϩ ϭ 1͞2͑ yy ϩ xx ͒ Ϫ Im͑ yx ͒. To obtain ii we chose a polarizer and a half-wave plate to select the linear polarization at 45°. We obtained the values for ϩϩ by introducing a quarter-wave plate behind the sample. The polarization degree calculated from the coherence matrix ranges theoretically from 1 ͑perfectly polarized͒ to 0 ͑fully depolarized͒. For extinction calculations we compared the amplitude of the heterodyne signal with the calibration curve. Results were obtained in terms of optical density ͑OD͒ and finally expressed in terms of optical thickness ͑OT͒ ͑as OT ϭ Ln10 OD͒. For the sake of clarity the four polarization states are not included in the figures that follow; but only OT yy , which is the linear component parallel to the incident polarization, and OT xx , which is the linear component perpendicular to the incident polarization, are shown.
Assuming a low density of microspheres, theoretical values of the scattering mean free path ͑SMFP͒ l s are given by l s ϭ 1͞N s , where N is the number of particles per volume unit and s is the scattering cross section of a scatterer. 37, 38 The transport mean free path lЈ was calculated from the SMFP l s because lЈ ϭ l s ͑͞1 Ϫ g͒, where the asymmetry factor g depends on the microsphere diameter and on the wavelength of light. Values of s and g were computed from Mie theory.
Measuring the attenuation of the OT yy component, we observed two regions with different slopes. The first slope, governed by the unscattered ͑ballistic͒ light component, follows the exponential law I ϭ I 0 exp͑l s Ϫ1 L͒. The second slope, governed by the scattered ͑diffusive, snakelike͒ light component, seems to follow a different law. As our experiments did not allow us to discriminate between an exponential and a power-law dependence, we considered an exponential law for the sake of simplicity. Doing so allowed us to define a new scale, l diff , by assuming that I ϭ I 0 exp͑l diff
Ϫ1
L͒. Fitting these slopes to the two different exponential functions allowed us to retrieve l s and l diff .
We also defined a new thickness L scat , which is the limit from which the scattered component dominates the ballistic one. At this threshold the value OT scat ϭ L scat ͞l s corresponds to a mean number of SMFP's up to which ballistic transmission is still dominating. Recently we reported from a study with latex beads that OT scat depends weakly on the particle density but mainly on the particle diameter. 35 It is convenient to use this parameter to quantify the maximum thickness for direct imaging through a given scattering medium by use of only straightforward photons. Imaging through samples with large scatterers is hence restricted to lower OT than for samples with smaller scatterers. For samples with large scatters, such as tissues, the remaining polarization should provide a method for investigating the depth above the ballistic path, as we do here.
We previously demonstrated that the relative heterodyne efficiency ␥Ј could provide an interesting parameter to quantify the wave-front degradation within a scattering medium. 36 Assuming that ␥Ј does not depend on the medium thickness, i.e., that the law of attenuation of the scattering component is exponential, we can estimate the degradation by extrapolating the curve of the scattered component to L ϭ 0 ͓␥Ј ϭ OT ͑0͒ ͔. This value might be useful for characterizing a scattering medium, mainly when l s cannot be easily measured as in case of dense tissue. Figure 3 shows the light-extinction curves expressed in terms of OT and the corresponding depolarization degree as a function of the medium's thickness for polystyrene microspheres of 200-nm diameter at a density of 2.06 ϫ 10 9 particles mm
Results
A. Experiments on Calibrated Suspensions of Polystyrene Beads
Ϫ3
. The first part of the curve ͑from 0 to 26 SMFP's͒ corresponds to the exponential decay of the parallel polarized light ͑OT yy ͒ and allows us to measure l s ϭ 0.22 mm with a standard deviation of 6%. From this value we calculated a scattering cross section s of 2.19 ϫ 10 Ϫ9 mm 2 , which is in good agreement with the value of 2.4 ϫ 10 Ϫ9 mm 2 calculated from Mie theory. Therefore this exponential decay is due to the attenuation of ballistic photons. As expected, the polarization of the transmitted light is maintained in this regime. We carried out experiments with two other particle concentrations. The breakdown of parallel transmittance was observed close to the detectivity limit of our setup for the highest particle concentration investigated. The main results are gathered in Table 1 . , respectively, after subtraction of the scattered component extrapolated from the second slope. Figure 4 shows a decrease of the degree of polarization for a thickness L scat at which the lightextinction curve changes its slope dramatically. In other words, as expected, light depolarization occurs as soon as the scattering regime of propagation becomes dominant. For various particle concentrations this behavior appeared at a similar optical thickness, as illustrated in Fig. 5 . In both cases ͑Figs. 4 and 5͒ the slope of the last five points allowed us to calculate the value of l diff . Table 2 summarizes the results for various concentrations. The com- . ͑For the sake of clarity, OT ii linear at ͞4 and OT ϩϩ circular components are not plotted.͒ P, degree of polarization computed from the four Stokes parameters; MFP, mean free path. ͒. The first part of the curve obeys the exponential law of ballistic propagation. The polarization degree decreases when the diffuse regime is observed. P, degree of polarization; MFP, mean free path. puted values for OT scat are of the order of 20 scattering events ͑see Table 2͒ . Figure 6 shows an example of extinction obtained for 940-nm polystyrene microspheres with N ϭ 4.32 ϫ 10 6 mm
. For this diameter slightly greater than the wavelength, the degree of polarization decreases more slowly than in the case of small microspheres. The decrease in polarization goes from L scat Ϸ 2 mm ͑with L scat ͞l s ϭ 15 SMFP's͒ to a length L diff Ϸ 6 mm ͑first value where P ϭ 0͒, corresponding to L diff ͞l s ϭ 48 SMFP's. Even over L diff , scattered photons are detected up to a maximum length L max Ϸ 10 mm ͑with L max ͞l s ϭ 80 SMFP's͒. The slope of the scattered component ͑calculated from the last eight points in Fig. 6͒ allows us to calculate a diffuse length l diff that is almost ten times longer than l s . Above L diff , we assume that the detected signal is due to scattered light. The phase and the polarization of the transmitted light are perfectly random, corresponding to a degree of polarization P ϭ 0. The main results for 940-nm bead suspensions are gathered in Table 3 .
Because of signal fluctuations in the scattering regime, we plotted average OT and average polarization degree values. 
B. Experiments with Blood
To observe how polarized light behaves through a mammalian cell suspension we performed experiments on diluted human blood that permitted us to easily vary the sample thickness. Red blood cells are disks 7 m in diameter and ϳ2.5 m thick; both dimensions are clearly greater than the wavelength. We carried out experiments on 1͞5 and 1͞10 diluted normal human blood, corresponding to cell concentrations of ϳ10 6 and ϳ5 ϫ 10 5 mm Ϫ3 ͑volume fractions, 9% and 4.5%͒. We averaged the values given in Fig. 8 . This value can be compared with the scattering cross section of 64 ϫ 10 Ϫ6 mm 2 measured with direct collimated detection. 39 Of course the polarization of the ballistic component remains parallel with the incident polarization. The threshold L scat corresponds to 12.5 SMFP's. Similarly to the results obtained with large microspheres, the po- ͒. The polarization is partially preserved for the lower part of the diffuse regime, which corresponds to the snake component. P, degree of polarization; MFP, mean free path. The threshold path length L scat increases with dilution, but OT scat ϭ L scat ͞l s mes depends weakly on the particle concentration. For L ϭ 0 the linear extrapolations of the second component curves converge toward OT ͑0͒ values that are almost identical for the three concentrations tested. larization of the second component was partially preserved, decreasing progressively as the thickness increased to 11.2-12 mm ͑280 -300 SMFP's͒.
Let us now consider the extinction coefficient in the scattering regime. For the 1͞10 diluted blood sample, the diffuse length l dif obtained from the slope of the second component was ϳ1.3 mm, compared with l s ϭ 0.04 mm for the ballistic component ͑Table 4͒. In the example shown in Fig. 8 for 1͞10 diluted blood, the depolarization limit L diff ͞l s did not appear to be reached at 325 SMFP's. For 1͞5 diluted blood ͑vol-ume concentration, 9%͒ the value for l diff is 0.76 mm, whereas L diff ͞l s does not exceed 280 SMFP's. This small behavioral difference could involve the role played by the particle concentration, the nonnegligible absorption that is due to hemoglobin in red cells, or both. It is noteworthy that extrapolation of the slope of the scattered component to L ϭ 0 gave OT ͑0͒ values close to 13.8 SMFP's for both 4.5% and 9% blood-cell concentrations.
C. Experiments on Tissue
In compact tissue a study of the detected light as a function of thickness is difficult to perform under reproducible conditions. With the setup shown in Fig. 1 the averaged polarization degree is close to 0; data acquisitions have a large uncertainty because polarized components are strongly fluctuating. Therefore we studied this phenomenon with the dualchannel polarized interferometer shown in Fig. 2 . We achieved satisfactory measurements of thick liver slices ͑1-6 mm͒ that showed to a progressive depolarization of the transmitted light ͑Fig. 9͒. The slope of the scattered component within the 1-6-mm thickness range corresponds to a mean l diff ϭ 0.61 mm ͑0.5 Ͻ l diff Ͻ 0.83; n ϭ 5͒, compared with 0.77 mm observed previously at the same wavelength. 40 Through a 1-mm sample, transmitted light remains 8 . Extinction of polarization states and polarization degree versus thickness for 1͞5 diluted human blood. A polarized component continues for a few millimeters, even though the diffuse regime seems well established. Complete depolarization is obtained for larger path lengths when the signal vanishes at the detectivity limit of the method. P, degree of polarization; MFP, mean free path. Fig. 9 . Average values of polarized components OT yy and OT xx and average light polarization versus thickness for liver tissue. Pc, polarization contrast. The same conditions hold as for Table 2 . Blood hematocrits were 9 and 4.5 vol. %, respectively. In this case l diff was ϳ40 times longer than the measured SMFP.
polarized; the intensity of the parallel component always remains greater than the intensity of the perpendicular component, and these components fluctuate weakly. Through a 6-mm sample, however, the mean polarization is close to 0 but the instantaneous polarization strongly fluctuates from ϩ1 to Ϫ1. Figure 10 shows fluctuations of the light attenuation in parallel ͑OT yy ͒ and perpendicular ͑OT xx ͒ directions and the polarization contrast Pc for an intermediate thickness at which polarized components are not randomized. We assume that, except for absorption and scattering, there is no significant optical activity in liver tissue. The time constant of fluctuations, which varies from a few seconds to 1 min, is larger in liver than in particle suspensions or blood.
In this experiment, OT scat cannot be directly determined. In fact, this parameter should be close to OT ͑0͒ ϭ 13, which can be obtained by extrapolation of the curve on the OT axis for L ϭ 0.
Discussion
A. Experimental Errors
To achieve convenient measurements through liquid samples we specially designed an adjustable cell whose faces stay perfectly aligned during the whole experiment from L ϭ 0 to L ϭ 14 mm. Such a cell reduces errors that result from the misalignment of the optical axis. Moreover, calibration of the setup can be done through the cell for L ϭ 0 at any time during the experiment. To compute the attenuation that is due to polystyrene microspheres we neglected the absorption of water. Hence we observed good agreement between theoretical and experimental values for the ballistic component. The absorption of water may, however, influence the slope of the scattered component. 41 Computing the degree of polarization depends on four independent measurements, which introduce more experimental errors than polarization contrast based on only two measurements. Errors were due mainly to large signal fluctuations during the acquisition time. Theoretically the polarization contrast is efficient for perfectly spherical particles such as polystyrene microspheres. However, it does not apply to nonspherical particles 42 such as blood cells or to tissue such as muscle that exhibits asymmetric structures. In our series of polystyrene microspheres the values of polarization contrast appeared less dispersed and relatively close to the degree of polarization.
The polarizer that we used to select linear polarization provided maximal 10 5 extinction ͑OT ϭ 11.5͒ in the perpendicular direction. Therefore, OT xx values were largely underestimated within the ballistic range of measurement. For this reason we plotted these underestimated OT xx values with dotted curves in the figures above. Nevertheless, inaccuracies in the degree of polarization remain negligible in this range because the degree of polarization is close to 1. However, we verified with a double-sheet polarizer that the perpendicular polarization was actually cut off in the ballistic regime.
B. Signal Fluctuations
Because of the strong fluctuations in the scattered regime 43 we time averaged the signal over several tens of seconds for polystyrene microspheres and over ϳ1 min for blood. We noted that fluctuations are stronger for the 940-nm microspheres than for the smaller ones. For blood samples the time constant of the fluctuations is longer than for polystyrene microspheres. We attribute these fluctuations to the Brownian motion of the scatterers in the aqueous suspension. 44 For the large microspheres and red blood cells the time constant of the motion is slow enough to permit the speckle pattern to be observed when the detector is replaced by a CCD camera. The smaller microspheres ͑d ϭ 200 nm͒ yield no visible speckle pattern because they move too fast relative to the integration time of the CCD camera, which time averages their speckle pattern. We verified this behavior by deliberately moving the larger scatterers ͑d ϭ 940 nm͒ by inducing a flow in the cell by pumping the suspension: The signal in the scattered regime disappeared. This result is in agreement with the assumption that the speckle pattern of the scatterers moves faster than the time constant of the heterodyne detection. 45 The time constant of the fluctuations is still longer in liver samples than in diluted blood. These fluctuations are similar to the speckle fluctuations observed when biological objects are illuminated with laser light. 44 In this case the displacement of scatterers should be slightly different from a pure Brownian motion.
There are also experimental errors that are due to signal fluctuations that provide uncertainties for low signals obtained with large particles or tissue. Therefore the actual limit of detectivity, i.e., the noise level, was somewhat underestimated for measurements with larger particles than with smaller ones.
C. Discussion of Results
We observed good agreement between the theoretical and the experimental values of l s for latex beads as long as the ballistic component existed. The part of the concentration in the regime of propagation must be separated from dependence on path length because it might influence the extinction coefficient, which does not depend exclusively on l s . 46, 47 According to Ishimaru, 46 the attenuation constant decreases when the particle concentration exceeds ϳ1% in volume. This phenomenon is not in agreement with the exponential law of attenuation, because Mie theory applies to a medium in which particles are independent. Therefore, to apply the formula l s ϭ 1͞N s properly to the coherent extinction, we require a relatively low particle concentration, as in our experiments with latex suspensions. Of course, this hypothesis will hardly be credible with actual mammalian tissues.
The use of a low-coherence pulsed source to characterize the scattered component was described by Hee et al. 17, 18 Using a different method based on a superluminescent diode, Chan et al. recently reported similar results with an Intralipid fat emulsion. 48 Our results are in agreement with experiments reported in that paper in which the scattered light obtained with a light source with a long coherence length is rejected by a low-coherence diode. The present research has yielded additional information on the state of polarization of scattered light as a function of the medium's thickness and relates it to particle size or volume fraction. Both concentration and path length influence the number of scattering events. In fact, the weak slope of the scattered component in our experiments is due not to an increased concentration but to a larger path length.
It is noteworthy that the measured diffuse length can be compared with the theoretical value of the transport length lЈ ϭ l s ͑͞1 Ϫ g͒ calculated from l s and the asymmetry factor g obtained from Mie theory for each particle diameter. For 200-nm beads the inaccuracy in l diff measurements precludes any practical comparison. For 430-nm particles, which yield theoretical lЈ values four times larger than the SMFP, measured l diff values are clearly greater than the theoretical lЈ values ͑see Table 2͒ . For 940-nm particles the theoretical transport length exceeds ten times the SMFP ͑see Table 3͒ and is of the order of l diff . Further experiments will be necessary to determine the factors that influence the slope of the scattered component; for example, the absorption coefficient might play a part that we did not study here.
Comparison of our results with data already published is limited because in most of the latter the measurements were made with a fixed sample thickness. Despite methodological differences, our results with polystyrene beads are in agreement with those of the time-resolved experiments of Demos and Alfano with 1070-nm polystyrene suspensions, thus demonstrating that the early photons of the scattered component ͑snakelike photons͒ retain part of the initial polarization before complete depolarization. 21 Our results on the depolarization of light with latex spheres can be compared with results obtained by Bicout et al. 30, 34 They theoretically and experimentally studied the depolarization of light after it passed through a scattering medium. In their study the size parameter ka ͑where a is the radius of particles and k is the wave number͒ was 5.89 in the Bicout et al. In the Mie region we observed that light is depolarized after 50 SMFP's; 65 SMFP's are reported by Bicout et al. The differences could be due to the particle concentration. At any rate, the two measurements of the part of the particle diameter in the depolarization of light are in agreement.
In spite of the differences in structure and concentration between large polystyrene particles and blood, the intermediate scattering regime of light propagation appears similar. In contrast to small latex beads, blood degrades progressively in the coherent regime, where initial direction and polarization are gradually lost before a purely diffuse incoherent regime results. Our study required ϳ280 scattering events to depolarize light through a red blood cell suspension, which confirms the influence of the particle diameter that enhances the scattering ͑polarization͒ length.
The influence of the particle diameter on the fringe pattern of backscattered light was reported for both polystyrene and mammalian cell suspensions. 49 Unfortunately, a direct comparison with our results cannot be made because the on-axis and low-order modes were suppressed to reject the strong specular reflection from the surface at the laser input point. At any rate, it has been envisaged that depolarization of light is quite different in the backward and the forward directions. 33 Inasmuch as we know how the diameter influences the depolarization, the main question to answer actually concerns the nature of the scatterer that interferes with light in dense biological tissues.
The coherence degradation is more difficult to analyze for liver tissue than for particle suspensions because l s is short in the former case. It cannot be enhanced by dilution as with blood. We found experimental values for l s in mammalian liver measured with another method available in the literature: 0.032 mm ͑Marchesini et al. 50 ͒ and 0.069 mm ͑Parsa et al. 51 ͒. Assuming that depolarization is almost complete for L ϭ 6 mm, the number of scattering events necessary to reach this state is 188 or 87, depending on the value of l s . Because the scattered component characterized by our method yields lЈ ϭ 0.61 mm, we can also estimate the number of transport lengths that randomizes the linear polarization to be approximately 10. We are not surprised that polarization is preserved for a few millimeters through liver tissue because light echoes in mammalian tissues at depths of as much as 1.5 mm have been obtained by low-coherence reflectometry. 52 It is noteworthy that the second component can be extrapolated at OT ͑0͒ ϭ 13.8 for blood cells and OT ͑0͒ ϭ 13 for liver tissue. Assuming that the OT scat threshold is related to the particle diameter, we wonder whether the interacting structure in liver tissue is the liver cell itself ͑which has an approximate size of 25-30 m͒ or its nucleon ͑whose diameter of 7 m is close to that of a red blood cell͒. According to Beauvoit et al., the main scattering particles in liver are mitochondria, which are submicrometric intracellular organelles. 53 This finding would support those in the recent study of cell suspensions made by Hielscher et al. 49 On the contrary, the validation of a model of a fractal distribution of sizes of scattering centers in tissues ranging from a few nanometers to several micrometers 54 would suggest that mammalian tissue can actually appear as a heterogeneous structure in which refractive-index inhomogeneities are not necessarily superimposed upon the histologic structure of the tissue. 55 
D. Discussion of the Hypothesis
Our experiments test two coherence criteria simultaneously, because heterodyne detection requires wave-front matching between signal and reference waves. The first criterion is related to the efficiency of the optical heterodyne detection, which decreases in the scattering regime because of wave-front degradation. The second criterion is the degree of polarization, which remains unchanged in the ballistic regime because of the coherent reconstruction in the forward direction. In the ballistic regime, from L ϭ 0 to L scat , the degree of polarization remains close to 1. In the scattering regime from L scat to L diff the degree of polarization remains above 0, decreasing progressively as a function of thickness. We have already mentioned that the normalized length L scat ͞l s ͑ϭOT scat ͒ is a good criterion to use to locate the beginning of the scattered component in suspensions because it depends weakly on the particle density for a given particle size. After L diff , the initial polarization was lost. Inasmuch as OT scat depends weakly on the particle concentration, it is convenient to use this value to characterize the limit of direct imaging when the scattered light blurs the image. By contrast, the limit of the diffuse imaging based on the polarization can reach L diff , which is much greater than L scat in tissues.
The particular regime of scattered propagation characterized by breakdown of the attenuation coefficient and large signal fluctuations was weakly influenced by particle concentration ͑Tables 1-4͒. The main factor that influences the scattering threshold, i.e., degrades the coherent propagation, is the particle diameter, which governs the asymmetry factor. To explain this phenomenon we assume that wave-front degradation is easier to obtain in case of large particles. From this point of view, light in mammalian tissues behaves as in large particle suspensions.
For mammalian tissues our results on the polarization states do not appear different from these obtained by Demos et al. with a time-resolved detection method. 56 In our experiments the light polarization was progressively looser through thick tissue when coherently detected optical signals were time averaged. By contrast, instantaneous analysis of both polarized components showed that the degree of polarization undergoes large fluctuations. The time constant of fluctuations is long compared with to the heterodyne frequency. Therefore various zigzag modes that pass through the tissue with the same delay ͑or phase͒ can beat on the detector with the reference beam because we used a long coherence laser source. To better understand how light propagates in mammalian tissues, we intend to perform additional analysis of the polarization in tissues by using a low-coherence source. The preservation of the light polarization should not be the coherence criterion for detecting informative photons because Devaraj et al. recently reported using a longcoherence laser source to produce anatomical images of the human finger. 29 The most important result that we must consider is the huge increase of the transport length in the scattering regime that lasts for ten times the SMFP for 940-nm latex beads and even 50 times the path for blood cell suspensions or tissues. Such data lead us to expect that optical diffuse tomograghy based on a coherent detection method can be efficiently applied to investigate tissue or organs at least 10 mm thick.
Conclusion
In our experiments on particle suspensions we studied the degree of polarization as a function of sample thickness. We examined both polarization and coherence degradation from the ballistic component ͑co-herent͒ up to the limit where the whole light became purely diffuse ͑incoherent͒. The polarization of the emerging light began to decrease at the optical thickness where the scattered component began to appear, whereas the scattering threshold strongly depended on the particle diameter. The possibility to vary the sample thickness continuously for a given medium allowed us to identify accurately the characteristics of the scattered component detected coherently: increased transport length compared with the scattering mean path, decrease of the degree of polarization, and large fluctuations influenced by Brownian motion and stirring of the medium.
Experiments on calibrated latex bead suspensions clarified the influence of particle diameter on the degradation of the coherent field. The number of scattering events necessary to degrade the ballistic propagation decreased when the particle diameter increased. By contrast, the transport length of the scattered polarized component increased with the particle diameter.
As it passed through scattering mammalian tissues, the scattered component of coherently detected light partly maintained its initial polarization for a few millimeters, even though the ballistic component became too weak to be detected. Between the pure ballistic regime of propagation limited to some hundreds of micrometers in tissue and the pure diffuse regime where photons polarization and phase are perfectly random, scattered photons propagated for several millimeters, exhibiting partial memory of their initial direction, polarization, and coherence. A significant amount of these scattered photons was detected by the optical heterodyne detection method. Thus investigations in deeper tissue samples should be possible by this method than by use of purely collimated photons.
